Abstract In order to evaluate groundwater quality and geochemical reactions arising from mixing between seawater and dilute groundwater, we performed a hydrochemical investigation of alluvial groundwater in a limestone-rich coastal area of eastern South Korea. Two sites were chosen for comparison: an upstream site and a downstream site. Data of major ion chemistry and ratios of oxygen-hydrogen isotopes (δ 18 O, δD) revealed different major sources of groundwater salinity: recharge by sea-spray-affected precipitation in the upstream site, and seawater intrusion and diffusion zone fluctuation in the downstream site. The results of geochemical modelling showed that Ca 2+ enrichment in the downstream area is caused by calcite dissolution enhanced by the ionic strength increase, as a result of seawater-groundwater mixing under open system conditions with a constant P CO2 value (about 10 -1.5 atm). The results show that, for coastal alluvial groundwater residing on limestone, significant hydrochemical change (especially increased hardness) due to calcite dissolution enhanced by seawater mixing should be taken into account for better groundwater management. This process can be effectively evaluated using geochemical modelling. Résumé Afin d'évaluer la qualité des eaux souterraines et les réactions géochimiques résultant du mélange d'eau de mer et d'eaux souterraines diluées, nous avons effectué une étude hydrochimique des nappes alluviales dans une zone côtière de l'est de la Corée du Sud riche en calcaire. Deux sites de la zone d'étude (un site en amont et un site en aval) ont été choisis pour la comparaison. Les données de la chimie des ions majeurs et les rapports isotopiques de l'oxygène et de l'hydrogène (δ 18 O, δD) ont révélé différentes sources principales de salinité des eaux souterraines: le sel marin de recharge pour le site amont, l'intrusion d'eau de mer et la fluctuation de la zone de diffusion pour le site aval. Les résultats de la modélisation géochimique ont montré que Ca 2+ dans la zone d'enrichissement en aval provient de la dissolution de la calcite, renforcée par l'augmentation de la force ionique résultant du mélange de l'eau de mer et de l'eau souterraine en système ouvert avec une valeur constante de P CO2 (environ 10 -1,5 atm). Les résultats de cette étude montrent que pour les eaux souterraines côtières alluviales en zone calcaire, les modifications hydrochimiques significatives (en particulier, l'augmentation de la dureté), dues à l'augmentation de la dissolution de la calcite en raison du mélange avec l'eau de mer, doivent être soigneusement prises en considération pour une meilleure gestion des eaux souterraines. La modélisation géochimique permet d'apprécier efficacement ce processus.
INTRODUCTION
Seawater intrusion into aquifers in coastal regions results in a systematic change of groundwater chemistry through salinization and diverse geochemical processes, such as precipitation, dissolution, ionic exchange and adsorption-desorption (cf. Mercado 1985 , Barbecot et al. 2000 , Harbison and Cox 2002 , Al-Agha and El-Nakhal 2004 , Pulido-Leboeuf 2004 , Sivan et al. 2005 , Mondal et al. 2010 , Panteleit et al. 2011 . Cation exchange between Ca 2+ in dilute groundwater and Na + in seawater is well known (Nadler et al. 1980 , Richter et al. 1993 , Petalas and Diamantis 1999 , Martínez and Bocanegra 2002 , Andersen et al. 2005 , Appelo and Postma 2005 , Petalas and Lambrakis 2006 ). An increase of the ionic strength of groundwater by seawater mixing also may increase the solubility of some aquifer minerals. In particular, enhanced CaCO 3 dissolution in carbonate aquifers is common (Back et al. 1979 , Smart et al. 1988 , Stoessell et al. 1989 , Wicks et al. 1995 , Machusak and Kump 1997 , Rezaei et al. 2005 .
Coastal alluvial aquifers are important water resources for drinking water and agricultural purposes in South Korea and many other countries. However, they are generally vulnerable to seawater intrusion and domestic and agricultural pollution. Because of anticipated future water shortage problems, the Korean government and local governments have recently considered the construction of underground dams in coastal areas to efficiently use freshwater resources before their discharge to the sea. However, such public projects will be affected and limited by seawater intrusion.
Groundwater salinization in South Korea has been extensively studied at Jeju volcanic island (Kim et al. 2003b (Kim et al. , 2006 (Kim et al. , 2007 (Kim et al. , 2008 (Kim et al. , 2009 ), because groundwater is the only source of freshwater supply in Jeju. However, seawater intrusion of coastal groundwater in mainland Korea has been investigated in only a few locations (Jeen et al. 2001 , Kim et al. 2003a , 2005a , 2005b , Park et al. 2005 , Lee and Song 2007 . The geology of mainland Korea consists primarily of crystalline rocks, resulting in low hydraulic conductivity of the aquifer (mostly less than 10 -4 cm/s). Cities, industries and agricultural farmlands are mostly located along the coastal areas of mainland Korea. As a result, groundwater in coastal areas has been intensively exploited, resulting in drawdown of groundwater levels and associated seawater intrusion. A number of previous studies on seawater intrusion in mainland Korea were restricted to the western coastal region, where high tides (mean tidal range up to about 6 m) and semi-closed basins facilitate seawater intrusion (Park et al. 2005 ). In contrast, the eastern coast of Korea has not been studied intensively with respect to seawater intrusion (Kim et al. 2001) . In the eastern coastal region, alluvia (up to about 30 m thick) are typically developed along short streams with steep gradients due to high topographic gradients. Significant shortage of surface water in the region is also due to population growth, industrialization and agricultural irrigation. Therefore, the expansion of groundwater use is considered.
This study was initiated as a part of the Regional Groundwater Survey project by Korea Water Resources Cooperation (KOWACO) to evaluate the general status of the groundwater quality in the eastern coastal area of Korea. In particular, the hydrochemistry of the shallow groundwater in an alluvial aquifer developed near the mouth of a coastal river was evaluated in detail with respect to potential groundwater salinization. Hydrogeochemical modelling was also conducted to simulate the behaviour of major ions (especially Ca 2+ ) in the seawater mixing zone, focusing on cation exchange and calcite dissolution. The results of this study will be helpful to establish sustainable groundwater management schemes in coastal aquifers of South Korea and elsewhere.
STUDY AREA
This study was conducted in the Okgye area, which is located on the eastern coast of South Korea ( Fig. 1(a) ). A temperate monsoon climate is characteristic of the area, with average air temperatures ranging between 25 • C in August and 0 • C in January (annual average: 14.1 • C). The Foehn wind generated by steep mountains at the west side of the study area prevails in winter, causing warmer temperatures. The annual average precipitation is about 1500 mm, of which more than 70% occurs during the summer months (June-August). The study area represents the downstream portion of the Jusu basin (about  150 km 2 ), which is surrounded by high mountains (up to 1035 m) of the N-S trending Taebaek Mountain belt ( Fig. 1(b) ). The Jusu Stream in the study area flows to the East Sea of Korea after its confluence with the Nakpung Stream. Due to the steep topography of the eastern part of the Taebaek Mountain belt, streams in the Jusu watershed are short and have a steep gradient; the average slope of the western upstream part of the watershed is about 1/50, which is much greater than that of the eastern downstream portion (1/230) (Yun 2006) .
The geology of the Jusu watershed is complex, consisting of limestones, clastic sedimentary rocks and granite ( Fig. 1(b) ). The Ordovician limestone occupies most of the upstream portion, while Hongjeom series clastic sedimentary rocks occupy the downstream portion. The Hongjeom series rocks consist of shale, sandstone and limestone. Granite intrudes the limestone and clastic sedimentary rocks in the middle portion of the watershed. Thick (up to 24.5-26.5 m) Quaternary alluvia overlying bedrock occur along the Jusu and Nakpung streams. Geological logs of borehole cores near the Jusu Stream show that a thick sand layer extends to 18 m depth b.g.l. (below ground level) and overlies a gravel layer extending to 21 m depth b.g.l. (Fig. 1(e) ).
Alluvia developed in and along the streams form an important, unconfined aquifer in the Jusu watershed. Groundwater in the study area is used for agriculture (especially rice cultivation in paddy fields). Groundwater levels in the study area are typically <10 m a.s.l. (above sea level), and the depth to the groundwater below land surface is less than 1 to 2 m a.s.l. Regional groundwater flow in the study area is generally towards the East Sea, while local flow is generally directed from agricultural lands toward the stream, as indicated by the distribution of potentiometric contours of groundwater (Fig. 2) .
METHODS

Sampling and chemical analysis
For this study, 44 alluvial groundwater samples were collected in two localities ( Fig. 1(c) and (d)): Site A in the lower reach of the Jusu Stream, and Site B in the middle part of the stream. Site A is close to the coastline (<1 km) and is located in a wide agricultural land near the confluence of the Jusu and the Nakpung Stream. Site B is located about 2.5 km from the coastline and is used for an agriculture land between the Jusu Stream and mountains in the hinterland ( Fig. 1(c) ). At each site, 22 groundwater samples were collected from eight wells during four sampling campaigns in December (winter) of 2004 and Water samples were collected using suction pumps after purging at least three well volumes. Unstable parameters such as temperature, pH, electrical conductivity (EC) and dissolved oxygen (DO) were measured in situ. Alkalinity was also measured in the field using a titration method. Samples for laboratory analyses were immediately filtered through 0.45-μm cellulose membrane filters. Samples for analyses of major cations were acidified to pH < 2 by adding a few drops of ultra-pure nitric acid. The samples were kept at 4 • C and analysed using ICP-AES (Perkin Elmer OPTIMA 3000XL) for Na + , K + , Ca 2+ , Mg 2+ and dissolved SiO 2 . Major dissolved anions (Cl -, SO 4 2-and NO 3 -) were analysed using ion chromatography (Dionex 120). The quality of the chemical analyses was carefully monitored by taking and analysing blanks and duplicate samples as well as calculating charge balances. The charge balance errors for the analyses ranged from -3.5 to +6.3% (average +1%).
Samples for isotope analyses were collected in February and May of 2005. The oxygen isotope composition (δ 18 O) of water samples was analysed using the conventional CO 2 equilibration method (Epstein and Mayeda 1953) , while the hydrogen isotope composition (δD) was measured by analysing H 2 produced by the Cr reduction method (Gehre et al. 1996) using the Finnigan H-Device coupled to a gas-source isotope ratio mass spectrometer (Finnigan MAT 252) at the Stable Isotope Laboratory of Korea University. The oxygen and hydrogen isotope compositions are reported using the δ notation relative to the internationally accepted standard V-SMOW. Analytical errors were better than ± 0.05‰ for δ 18 O and ± 0.5‰ for δD.
Reaction path modelling
The cation exchange and carbonate mineral equilibrium after varying degrees of mixing between freshwater and seawater was calculated using PHREEQC (Parkhurst and Appelo 1999) . Groundwater chemistry change by cation exchange during seawater mixing was simulated assuming various amounts of exchange sites in aquifer materials. In addition, hydrogeochemical change by dissolution or precipitation of carbonate minerals (calcite and dolomite) in the aquifer was simulated assuming a carbonate mineral equilibrium. The model results were compared with observed cation concentrations of groundwater in the study area. 1996), the chemical composition of rainwater samples at Samcheok city, located about 2 km south of the study area (Lee et al. 1996) and average compositions of groundwater from limestone terrains and western coastal areas of South Korea (Kim et al. 2000 , Park et al. 2005 are also shown in (Park et al. 2005) , the concentrations of Na + and Cl -are lower in the groundwater samples at both study sites, which may indicate that the degree of seawater intrusion into the aquifer is less significant in the study area.
RESULTS AND DISCUSSION
General water chemistry and comparisons
Groundwater sources and seawater mixing
Oxygen and hydrogen isotope ratios of our groundwater samples (Fig. 3) (δ 18 O = -7.8‰ and δD = -51.0‰, Lee and Chung 1997) , which can be explained by the latitude effect of rainwater (and recharge water) composition. However, groundwaters of this study are isotopically closer to the average isotopic composition of Pohang rainwaters rather than to seawater. It is also noticeable that most groundwater samples from Site A have higher δ 18 O and δD values than those from Site B (Fig. 3) . This may indicate that the influence of admixture of seawater in the aquifer is more notable (although small) toward the coastline.
To evaluate mixing due to direct seawater intrusion into the aquifer and/or the recharge containing sea-salt spray in the study area, the relationships between chloride and concentrations of other major ions were examined (Fig. 4) . The mixing lines are drawn between seawater and snowmelt samples collected for this study. It is noticeable that average rainwater composition at the nearby Samcheok city (Lee et al. 1996) , as well as the worldwide average seawater composition (Millero 1996) , plot on the mixing line. The snowmelt sample had a significantly lower salinity than the coastal rainwater samples at Samcheok (Table 1 ). The salinity of the seawater sample taken for this study is only about one half of the world-averaged seawater (Table 1) , likely due to substantial mixing with freshwater at the mouth of Jusu Stream.
The relationships between Cl -(as a conservative ion) and major ions in sampled waters are shown in Fig. 4 . The relationship between Na + and Cl - (Fig. 4(a) ) shows that most of the groundwater samples from the study area plot near and along the seawater-snowmelt (meteoric water) mixing line. Samples from Site A have higher Na + (average 47.8 mg/L) and Cl -(average 93.2 mg/L) concentrations than those from Site B (average Na + : 6.0 mg/L and average Cl -: 8.5 mg/L). The maximum Na + and Cl -concentrations (7.6 and 13.6 mg/L) of Site B samples are comparable to average Na + and Clconcentrations (7.7 and 13.9 mg/L) of rainwater at Samcheok (Table 1 ). The average Na/Cl ratio of Site B groundwater samples is 0.83, which is similar to that of seawater (0.86). This may indicate that Site B groundwater results from recharge of sea-spray influenced precipitation in the study area. In contrast, the minimum Na + and Cl -concentrations (12.5 and 17.5 mg/L) of Site A groundwater samples are higher than average Na + and Cl -concentrations of rainwaters (Table 1 ). In addition, the average Na/Cl ratio of Site A groundwater is higher (1.13) than the seawater composition, which indicates that groundwater from Site A is influenced by geochemical processes after mixing with seawater and recharged snowmelt and rainwater.
Groundwater samples from Site B (i.e. upper reach area) are characterized by small spatiotemporal variations of Na + and Cl -concentrations, as indicated by the low standard deviations around the mean values (Table 1) . With respect to sampling time, maximum Cl -concentrations (up to 13.6 mg/L) at Site B were observed in July, although the observed values were lower than those of rainwater at Samcheok. In contrast, samples from Site A showed more pronounced variations of Na + and Cl -concentrations with respect to sampling time (Table 1) . However, the temporal patterns were inconsistent with highest Cl -concentrations at the coastal aquifer in Site A observed in February at YK 6 and 7, whereas highest Cl -concentrations in April were observed at YK 4 and in July at YK 3 and 23. Such irregular temporal patterns may be explained by the fluctuating boundary of a diffusion zone (i.e. the freshwaterseawater boundary) due to rainfall and/or tidal effects (cf. Mahesha and Nagaraja 1996, Kim et al. 2009 ).
The Ca 2+ and HCO 3 -concentrations increase with increasing Cl -and thus are clearly higher at Site A compared to Site B (Fig. 4(b) and (c) ). The significant increases of Ca 2+ and HCO 3 -in Site A samples near the coastline are likely the result of carbonate dissolution (see below). The Mg 2+ , K + and SO 4 2-concentrations show similar trends with increased Cl -concentrations in Site A samples (Fig. 4(d) , (e) and (g)). Carbonate mineral dissolution may also increase Mg 2+ concentrations in groundwater. Compared to the Ca/Mg ratios of our seawater sample (0.4) and the world-averaged seawater (0.3), groundwater samples at Site A (average 6.4) and Site B (average 6.6) have much higher Ca/Mg ratios (Table 1, Fig. 4(f) ). Dolomitization may occur in coastal environments, a process that involves the replacement of aragonite and/or calcite by dolomite and may change the porosity and permeability of the aquifer (Ward and Halley 1985) .
However, the Ca/Mg ratios of our snowmelt sample (5.7) and rainwater from Samcheok city (2.0) are also higher than that of seawater (Table 1) . Moreover, most of the samples from sites A and B plot near the seawater mixing line on a Ca/Mg vs Cl -diagram (Fig. 4(f) ).
High SO 4 2-concentrations in Site A samples (average: 60 mg/L, up to 140 mg/L), together with their SO 4 /Cl ratios (0.3 to 1.5, average 0.9, Table 1) which are comparable to, but slightly higher than the world-averaged seawater value (0.1), are possibly due to the influx of sulphate from dissolving agrochemicals in addition to seawater sulphate. The maximum NO 3 -concentrations at sites A and B are above 40 mg/L (Table 1) , clearly indicating that agricultural activities using fertilizers in the study area increase nitrate and sulphate in groundwater (Choi et al. 2011) .
Modelling of calcium ion behaviour and hydrogeochemical evolution in the seawater mixing zone
Plotting groundwater chemistry on a Piper diagram is useful for understanding hydrogeochemical processes occurring during seawater mixing. Major ion chemistry of water samples is plotted on a Piper diagram (Fig. 5) . Groundwater samples from Site B are of Ca-HCO 3 type. In contrast, those from Site A show a gradual change from a Ca-HCO 3 type toward a Na(-Ca)-HCO 3 type, due to seawater mixing. The anion composition of Site A samples remained mostly dominated by HCO 3 . If cation exchange between aquifer matrix and seawater continuously proceeds, the change of groundwater chemistry does not follow a simple mixing line and the reaction path may follow along the left corner of a diamond field in Piper diagrams, as shown with the number 1 line in Fig. 6 (Richer et al. 1993, Petalas and Diamantis 1999) . It should be noted that, because rainwater from Samcheok city (Na/Cl ratio: 0.85) was influenced by sea-spray, the chemistry of the snowmelt sample was assumed to represent the regional freshwater recharge in the study area. If calcite dissolution also occurs in the aquifer, more complicated reaction paths may evolve.
As shown in Fig. 4(b) , Ca 2+ concentrations in Site A groundwater plot above the seawatersnowmelt mixing line. As described above, this trend can be caused by reverse cation exchange, i.e. Ca 2+ release from an exchanger (clay) by takingup Na + (Drever 1997, Appelo and and/or calcite dissolution during seawater mixing. Therefore, we performed geochemical modelling using PHREEQC and the results are displayed on a Piper diagram (Fig. 6(a) ).
Cation exchange modelling
The results of geochemical modelling indicate that reverse cation exchange depends on the amount of exchange sites (CaX 2 ) in the aquifer materials and results in plots (and reaction paths) that deviate from the mixing line on a Piper's diagram (Fig. 6(a) ). The plots of Site A groundwater samples match well with the modelled reaction path when CaX 2 is around 0.01 mol/L (Fig. 6(a) ). However, when CaX 2 is 0.01 mol/L, modelled pH, Ca 2+ and HCO 3 -concentrations are much lower than our measurements (Fig. 6(b) , (c) and (e)), even though modelled Na + concentrations match well with observations and are similar to those of the mixing line (Fig. 6(d) ). In particular, the observed pH and HCO 3 -concentration cannot be matched solely by reverse cation exchange.
In addition, if cation exchange predominates in a coastal aquifer, the sum of equivalent concentrations of Ca 2+ , Mg 2+ , K + and Na + should be roughly constant along a flow path (Barbecot et al. 2000) . However, our data on the sum of cations for Site A groundwater samples is not constant: they increase with increasing Cl -concentration ( Fig. 7(a) ). This indicates that cation concentrations in the study area are changing in accordance with the anion change through mineral dissolution and/or precipitation as well as seawater mixing. Therefore, we consider that reverse cation exchange during seawater mixing is not the key reason explaining the data patterns in groundwater from our study area. 
Calcite dissolution modelling
Ca 2+ concentrations in coastal groundwater can increase through calcite dissolution, because calcite saturation generally increases with salinity and the rate of dissolution or precipitation of carbonate minerals depends on the salinity, salinity gradient and dispersion coefficient (cf. Singurindy et al. 2004) . Figure 7(b) shows that the relationships between Ca 2+ and alkalinity of Site A groundwater samples follow the calcite dissolution line with the slope of 1:1. Therefore, we modelled the dissolution of carbonate minerals in the seawater-intruded alluvial aquifer (i.e. Site A), which overlies clastic sedimentary rocks with limestone layers in the study area. Figure 8 shows the modelled hydrochemical evolution path on the Piper diagram, as well as the changes of pH and concentrations of Ca, Na and HCO 3 under increased seawater mixing (i.e. increasing Cl) and associated calcite dissolution. The calcite dissolution was calculated assuming chemical equilibria at various P CO2 conditions (10 -3.5 to 10 -0.5 atm).
Figure 8(a) shows that the ionic compositions of Site A groundwater can be better explained by calcite dissolution rather than by simple seawater mixing without chemical reactions. The observed pH value and Ca 2+ , Na + and HCO 3 -concentrations of Site A groundwater can be matched with the modelled results under open system conditions (i.e. constant P CO2 ) (Fig. 8(b)-(e) ). In particular, pH, Ca 2+ and HCO 3 -data can be explained by the open system model consisting of seawater mixing and associated calcite dissolution under P CO2 values of around 10 -1.5 atm (Fig. 8(b) , (c) and (e)). The modelling results also show that calcite dissolution is enhanced by increasing CO 2 gas contents ( Fig. 8(c) ). Smart et al. (1988) and Singurindy et al. (2004) suggested that bacterial processes releasing CO 2 gas are common in coastal aquifers and thus can enhance calcite dissolution to increase Ca and HCO 3 concentrations. Our geochemical modelling indicates that calcite dissolution rather than reverse cation exchange is the main cause of substantial increases of Ca 2+ (and HCO 3 -) concentrations in the coastal alluvial aquifer that is affected by seawater mixing.
SUMMARY AND IMPLICATIONS
The shallow alluvial aquifer underneath agricultural land in the limestone-rich Okgye area, on the east coast of Korea, was found to be impacted by seawater mixing. Compared to the Ca-HCO 3 type groundwater in an upstream area (about 2.5 km away from the coastline), coastal groundwater downstream showed spatio-temporal variations ranging from Ca-HCO 3 type to Na(-Ca)-HCO 3 type waters with enrichments of Ca 2+ , HCO 3 -, Mg 2+ , Na + , Cl -and SO 4 2-. The major salinity sources are: (a) sea-salt spray affected precipitation for the upstream aquifer and (b) seawater intrusion and diffusion zone fluctuation for the downstream coastal aquifer. The observed hydrochemistry data suggest the concomitant increases of Ca 2+ and HCO 3 -concentrations with increasing salinity in the coastal aquifer. Hydrogeochemical modelling using PHREEQC indicated the increased solubility of calcite with increased ionic strength under open system conditions with P CO2 values around 10 -1.5 atm. Modelling also showed that reverse cation exchange is not a major process in the study area.
It is essential to define a boundary between freshwater and seawater for the sustainable management of coastal aquifers (Yechieli and Wood 2002) . For this, both careful examination of groundwater chemistry and geochemical modelling are necessary. In particular, coastal aquifers residing on limestone can be changed in hydrogeological and water quality properties due to calcite dissolution enhanced by seawater mixing under an open CO 2 system. This process should be carefully considered during the construction of underground dams for securing the water supply in coastal areas such as Okgye.
